We review the current state of the polymer-carbon nanotube composites field. The article first covers key points in dispersion and stabilization of nanotubes in a polymer matrix, with particular attention paid to ultrasonic cavitation and shear mixing. We then focus on the emerging trends in nanocomposite actuators, in particular, photo-stimulated mechanical response. The magnitude and even the direction of this actuation critically depend on the degree of tube alignment in the matrix; in this context, we discuss the affine model predicting the upper bound of orientational order of nanotubes, induced by an imposed strain. We review how photo-actuation in nanocomposites depend on nanotube concentration, alignment and entanglement, and examine possible mechanisms that could lead to this effect. Finally, we discuss properties of pure carbon nanotube networks, in form of mats or fibers. These systems have no polymer matrix, yet demonstrate pronounced viscoelasticity and also the same photomechanical actuation as seen in polymer-based composites.
Introduction
This review is devoted to nanotube-polymer composite materials. Some fundamental studies of mesh networks made purely of nanotubes are presented towards the end to highlight parallels and contrasts with an ordinary polymer network. Aspects of nanotube dispersion and alignment in the matrix are also discussed, with particular attention given to limitations of traditional surface techniques to characterize nanotube-polymer composites. The main focus, however, belongs to the photomechanical actuation of nanotube-polymer composites. Here we review the phenomenon, its amplitude and dynamics, and discuss possible mechanisms that can explain how the absorption of light leads to the mechanical response of nanocomposites. Photo-actuation of nanotube-polymer systems demonstrates an exciting example of what is possible above and beyond improvements in existing carbon fiber technologies.
Composites as a class of materials have existed for millennia and are prevalent both in nature and among engineering materials. A definition of a classical composite is a continuous system with inhomogeneities of a size much greater than the atomic length scale (allowing us to use classical physics), but is essentially homogeneous macroscopically. A number of substantial monographs illuminate this field of study, e.g. [1, 2] .
The practice of creating synthetic polymer-based composites originates from pioneering work in the 1970s on carbon fiber reinforced thermosets and thermoplastics, with many reviews and books in the field [3] [4] [5] [6] . There has always been an interest in carbon in its fibrous form due to its covalent in-plane bonding, considered amongst the strongest in nature, imparting a great deal of structural strength. It is essentially the same bonding regime as found in individual graphene sheets within graphite. Accordingly, carbon fiber is an ideal reinforcing agent.
But what would make a better fiber? Issues of processability and cost of production aside, the perfect fiber would have to be free of defects and possess a structure akin to single-crystal graphite. Carbon fibers currently in use contain large amounts of structural defects and impurities along the surface which often disable their ability to achieve strength, toughness and conductivities approaching their theoretical limit. An ideal nanometer-sized fiber would also raise the possibility of having a quasi-one-dimensional structure embedded in the continuous elastic matrix, which would be of immense benefit to fundamental scientific research, for example, testing a multitude of physical phenomena that are dimensionally correlated [7] .
The most celebrated of these nanometer-thick structures is a tube made of carbon with an acicular single-crystal structure much like a tubular version of fullerene, termed carbon nanotubes. The seminal paper by Iijima [8] is widely regarded as having introduced and started the nanotube revolution. However, the first patent regarding nanotubes was registered as early as 1987 by Hyperion [9] , the first images of a nanotube were produced back in 1975 [10] though at the time, it was not given any thought or focus. Clearly, nanotubes were seen before 1991 but it was only after Iijima's work that global scientific attention was rightly turned to this fourth allotrope of carbon. Multi-wall carbon nanotubes (MWCNT) were first reported in 1991 [8] , and the single-wall variety (SWCNT) followed soon after [11] [12] [13] .
The actual arena of nanotube-polymer composites was first introduced by Ajayan [14] . Though that work was initially directed towards aligning the tubes in any given medium, it proved an important milestone demonstrating the proof of concept and, together with other early work [15] [16] [17] [18] , showed that the remarkable properties indigenous to the tubes could be transferred to the polymer matrix. Another interesting avenue of research involves manipulation of the tube chemistry, which also presents the opportunity to develop multifunctional composites with tailored physical properties. By the end of 2003, 59 out of 152 nanotube patents existed in relation to nanotube composites, their processability and production [19] . Since the early work from 1990s, an explosion of literature and scientific debate has surfaced. Much has been garnered from nanotechnology research, with over 10 papers a week currently appearing in relation to nanotube-polymer composites alone.
Once the nanotubes have been processed and purified to an acceptable level, the next stage in production of a composite is to homogeneously disperse the tubes into the polymer matrix. There are many benefits of completing such a procedure thoroughly. Primarily, one needs to ensure that the properties of the composite are homogeneous throughout. Additionally and perhaps more appropriate to nanotubes, a homogeneously dispersed filler in the polymer matrix reduces the possibility of nanotube entanglement, which can lead to significant changes in composite behavior [20] [21] [22] . The nanotube aggregation within a polymer system would certainly have a negative impact on its stiffening ability [23] . As yet, the nature of these entanglements and their influence on the composite properties is a little understood area.
As is well known from the Onsager treatment of anisotropic suspensions [24] , the overlap concentration, when highly anisotropic particles start interacting and significantly biasing their pair correlation, is inversely proportional to the aspect ratio -and so can be very low indeed for nanotubes which typically have very high aspect ratios. Additionally, the nanotubes must remain in this uniformly dispersed state, and not re-aggregate in spite of the inevitable van der Waals attractive interaction between them. The other problem is to monitor the quality of dispersion, that is, the size of the remaining aggregates in the bulk. This is an important and delicate point. Early reports in the literature often claimed that homogeneous dispersions had been achieved, when in truth only dispersions of aggregates of tubes had been established, but hard to detect in the bulk of a composite when they are smaller than 2-300 nm.
Dispersion involves separation and then stabilization of CNTs in a medium. For best decision on the choice of technique for a particular system, it is essential to distinguish and study these two processes individually, which we shall discuss in the next section in some detail. The remainder of this review is focused on the new and remarkable effect exhibited by the nanotubepolymer composites: the photo-induced mechanical actuation. Actuation in soft materials is much sought after due to possible links with artificial muscles [25] . Non-contact photo-induced actuation is especially relevant, and opens access to engineering of micro-optomechanical systems (MOMS) [26] . The special feature of actuation process in carbon nanotube composites is the equilibrium (fully reversible) nature of the effect [27] , which is a great advantage over most shape-memory systems that only have a one-way actuation. The final chapter of this review describes the pure nanotube network, which is not nominally a composite, but is also shown to demonstrate a similar photoactuation and is very useful to compare with the polymer-based composites.
Dispersion of CNTs in polymers
Dispersion and stabilization of particles in a continuous (most often -fluid) matrix is a classical problem in colloid science. It has been recognized for a century that in order to overcome the primary potential well of van der Waals (VDW) attraction one needs to use surface-active compounds. Surfactants, whose physico-chemical nature may vary greatly, help to reduce the attraction and/or prevent particles from coming close enough to proximity to get trapped in this potential well. After addition of the appropriate stabilizing agent, it is just a question of shear stress to disperse the particles in the matrix.
With carbon nanotubes, two new factors come into consideration: in many situations the subsequent applications require the neat, highly electronically active surface of CNTs to be preserved (i.e. not covered by a surfactant), and also -the extremely high aspect ratio makes CNTs vulnerable to breaking under shear exceeding a certain threshold. Effective separation requires the overcoming of the inter-tube VDW attraction, which is anomalously strong in CNT case due to their high polarizability. Depending on the tube shape/sizes and the orientation of tubes with respect to each other, such an attraction can act within a spacing of a few nanometers [28] . For closely packed tubes, the surface adsorption of dispersant or the wetting of the polymer/solvents requires an initial formation of a temporary (partial) exfoliation state [29] . Mechanical stirring/mixing, and increasingly commonly ultrasonication, are employed for this purpose, both providing the local shear stress which breaks down the bundles.
In the end, the dispersion of nanotubes in polymer matrix is a matter of experimenting. The large variation of tubes exists (differing in synthesis process, impurities, surface chemistry, etc.), and the different application requirements mean that the suitability of a dispersion technique is system-dependent. A vast amount of literature is available on nanotube dispersion in aqueous and organic solutions, with or without the aid of extensive surface functionalization, with some good reviews available [30, 31] . Here we would like to focus only on the dispersion techniques which can optimally preserve the intrinsic electronic and mechanical properties of an isolated CNT.
As-produced CNTs are present in a wide range of morphologies. Single-wall tubes tend to orient parallel to each other in close proximity to maximize their interaction, thus forming bundles consisting of 100-500 tubes (0.2-1 mm bundle diameter) [32] . Girifalco developed a model to calculate the effective VDW interaction between infinitely long SWNTs [28] . By assuming that the tube-tube interactions are negligible at distances over twice the diameter, the cohesion energy of a 1 nm diameter tube in a bundle is calculated to be À0.36 eV/Å, with equilibrium spacing between tubes of w25 Å. The validity of this model for MWCNTs is not clear, however, a classical solution is available which describes the VDW interaction energy between two mesoscopic cylinders of length L, diameter d, separated by a gap H, in parallel and perpendicular contact configurations:
Ultrasonication
Ultrasonication is widely employed in CNT dispersion, where separation and functionalization of the tubes can be greatly enhanced. The two main instruments used are ultrasonic bath (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) , and ultrasonic horn/tip (25 kHz) [31] . The conditions which controls chemical and mechanical effects of sonication include [34, 35] : the ultrasound intensity and frequency; the pulsing interval and duration; the presence of gases; the external pressure and temperature; the location of the ultrasound source and the container geometry; and the concentration of solute. At the same time, one often finds the dependence on solvent viscosity and surface tension to be weak. All of the above factors determine the formation and nature of ultrasonic cavitation. Upon bubble implosion, temperatures and pressures of up to 15 000 K and 1000 atm can be created [35, 36] . Free radicals are subsequently produced in the molecules exposed to these temperatures and the oscillating high pressure induces shock waves in the liquid. It is this process which enhances the chemical reactivity in the solution, and also gives rise to erosion and breakage of the solutes [37] . In the following analysis, effects of ultrasonication on the integrity of CNTs are discussed.
The first question one needs to address is the level of shear forces that can be attained in a common sonication process. In the first instance, let us assume a simple rectangular ultrasonic bath geometry, where a stationary pressure gradient is established with no cavitation. For a typical ultrasonic power output of 100 W and frequency 25 kHz, the corresponding wavelength of sound in a typical liquid (e.g. water) is l w 5 cm. The corresponding peak pressure in the wave is of the order DP w 1 atm ¼ 10 Clearly this is not sufficient to separate tubes from the bundles, let alone induce tube breakage.
As the power density exceeded certain critical values [34] , cavitation takes place. Theoretical calculation suggested a fluid strain rate of up to 10 7 s À1 outside the bubble during implosion [38] , far greater than w4000 s À1 maximum strain rate reported for the shear mixing devices [39] . Clearly, ultrasonication in the cavitation regime is capable to overcome the VDW interactions in various CNT systems. It should be noted that although the separation happens on very short time scales during the bubble implosion (microseconds [40] ), the time for the dispersant to diffuse into the opened gap between the tube and the bundle is comparable. For instance, for a typical diffusion coefficient D w 10 À7 m 2 /s and the (overestimated) distance to diffuse w100 nm, the time this takes is of the order 10 À7 s. A succession of cavitation events may be required to maintain this separation state for dispersant/solution to penetrate between the tubes. Alongside with separation, unwanted tube cutting and lattice amorphization often takes place, attributed to the violent cavitation. Multi-walled tubes can get shorter and thinner, going through a layer by layer un-wrapping process [31, 41] ; SWNTs are also reported significantly shortened, with ''dented'' openings created on the sidewall [42] . Therefore, sonication is prone to disrupt the integrity, electronic structure and oxidation resistance of CNTs. In addition, one has also to be aware of the much enhanced chemical activity introduced by the high temperature and pressure near imploding bubbles. Solvent polymerization and reactions between solvent and CNTs have been observed [29, 43] .
How can one avoid tube damage and cutting when applying ultrasonication? In order to answer this question, we first need to determine whether the scission is dominated by thermal or mechanical effects of cavitation (assuming chemically inert environment). The spontaneous and localized temperature in the vicinity (w200 nm) of bubble implosion exceeds thousands of Kelvin [35] , approaching the melting and vaporization temperatures of graphite (T m z 4400 K, T v z 4700 K). Therefore, thermal excitation is capable to locally melt the graphite layers. Nevertheless, prevailing evidence is for the dominance of mechanical scission. The key observation is that in various experiments on sonication of CNTs (both MW and SW) the resulting tube length tends to a fixed saturation value L lim after prolonged sonication (the exact value depends on conditions) [44, 45] . Hilding et al. [31] observed a scission rate which had a cubic dependence on the MWCNT length. If the process was temperature-controlled, one would expect random scission process with the amount of cut tubes increasing with time.
To investigate mechanical scission in ultrasonic cavitation, a simplified bubble dynamic concept can be employed, which looks at the radial solvent flow around a single imploding bubble, Fig. 1 , and an affine estimate to calculate the force/stress exerted on the nanotube by viscous forces in this region.
Consider the bubble with an instantaneous radius of R i and wall velocity _ R i . Assume that the tube is in an instantaneous equilibrium and moving with a speed of V tube , such that the total shear forces applied on the tube surface add to zero. The radial fluid velocity at a distance S from the bubble is estimated by
There is a point along the tube, at a distance S * , at which the surrounding fluid moves at the same speed V tube . The local shear stress on the tube surface is estimated by h(V S À V tube )/ d, with d the tube diameter and h the solvent viscosity. Balancing of tensile forces on both sides of S * gives, after cancelation of factors on both sides:
Solving this equation gives S * ¼ ffiffiffiffiffiffiffiffiffi ffi
, which is the location of maximum tensile stress on the tube. Using this value we can re-calculate the integral in Eq. (2) to determine the total force pulling in each direction; dividing this by the tube crosssection area gives the tensile stress exerted on the tube, reaching the maximum at S * :
Taking the typical literature values for the bubble size and rate of implosion (R i w 10 mm and _ R i =R i w10 7 s À1 ), the CNT diameter d w 10 nm, the viscosity of a typical low-molecular weight solvent h w 10 À2 Pa s, and S 1 w L w 10 mm, we obtain the estimate for the maximum tensile stress generated by viscous forces near the imploding bubble: s t w 70 GPa. This is enough to break most nanotubes! However, it is also clear from Eq. value of breaking stress (ultimate tensile strength) of the nanotube is s * , then this threshold length is
Tubes shorter than L lim will not experience scission anymore! The suitability of the above affine flow model to describe the breakage of individual SWCNTs is not clear due to the smaller persistence length, and higher flexibility of tubes compared to MWCNTs [46] . Another apparent deficiency of the above model is that the instant shear force is linearly dependent on viscosity, while the experiment suggests only a weak dependence of scission on viscosity during sonication. This is probably because of the offsetting effect of increasing ultrasound absorption and a much lower probability of cavitation at higher viscosities. Strictly, Eqs. (3) and (4) are only applicable to low-viscosity solvents. Nevertheless, this analysis gives a qualitative picture of the role played by the imploding bubble parameters R i and _ R i in tube breakage. In other words, it is possible to establish a shear condition with minimal cavitation and tube scission. The ideal conditions are such that the shear rate is just high enough, and duration is long enough for dispersant/solvent to diffuse into the bundle gap [47] . There are many discrepancies in the literature on sonication conditions due to the mis-reporting of actual power density delivered in different systems. A rough and quick way to evaluate (in a low-viscosity medium) is to measure the average power density delivered to the solution by calorimetry. The generally accepted criteria are 10 W/ cm 2 for transient bubble formation [48] , and 1-3 W/cm 2 for stable bubble formation. Stable bubbles exist for many cycles and collapse less violently; thus the probability of tube scission is reduced. Other possible areas to explore are such as using ultra-high frequency sonication (i.e. >100 kHz, to limit the growth of bubbles/caviation), or by adding catalytic particles to anneal the defects formed in-situ [49] . Post-sonication high temperature annealing (e.g. at 2000 C) can also help to restore the crystallinity of the CNTs to some extent [42, 50] . In short, in order to obtain reproducible results, it is important to keep the experiment setup highly consistent.
Shear mixing
Mechanical separation of CNTs from bundles can also be achieved in shear flow induced by stirring, rotation of extrusion of a polymer solution or melt. Usually, direct separation by shear mixing is only achievable for specific types of MWCNTs, with high shear rates in a rather viscous medium. However, the parameters of shear mixing are more controllable, and better integrity of dispersed CNTs can be obtained compared to ultrasonication. To separate a bundle, the energy delivered to it has to exceed the characteristic values associated with the different tube configurations, see Eq. (1). We will now follow this logic to discuss the effectiveness of shear mixing techniques.
An example of detailed mechanical dispersion study describes MWCNTs prepared by the method of catalytic vapor deposition (CVD), which are initially found in a lightly entangled mesh (without substantial parallel alignment) [51] , Fig. 2(a) . Tube length was in the range L w 5-15 mm and the outer diameter d w 60-100 nm. Given these parameters, and the tube persistence length l p , one can estimate the characteristic overlap concentration in an ideally dispersed composite. Overlap concentration theoretically marks the boundary between dilute (individual tubes in solution) and semidilute (interpenetrating, entangled tubes) regimes. The overlap volume fraction was estimated as [51] and for the given MWCNT parameters gives the volume fraction f c w 0.003-0.008. To make comparisons with experiments (in which one measures the CNT loading by the weight percent), one needs to convert the volume fraction f into the weight fraction. Using the density of nanotubes, r tube w 2 g/cm 3 , we estimate the overlap to occur at n c w 0.5-1.5 wt%. Above this concentration, the semidilute solution of self-avoiding CNTs will become increasingly entangled and develops the elastic modulus.
Consider a Couette shear mixing geometry with the cell radius R z 7 mm and gap h z 1.5 mm filled with the nanotube-polymer mixture, Fig. 2 (b). The shear stress can be estimated as s w hRu/h, where u z 100 rad s À1 is the angular frequency of mixer rotation at 1000 rpm. The viscosity h of the matrix depends on the molecular weight, and was w5.6 Pa s at 25 C in PDMS [51] . The resulting estimate of shear stress is of the order of 3 kPa. Using Eq. In other words, the shear energy supplied by the mixer would be able to separate the tubes if they were on average, spaced more than w70 nm between contacts. From the SEM image of CNT samples, Fig. 2(a) , it is evident that the tubes exposed on the outer surface of the aggregate satisfy this criterion. When being mixed in viscous polymer matrix, the separation process proceeds in analogy to peeling of tube layers from aggregates. This peeling model implies that a certain critical time t * is needed for all the tubes to be parted, leading to a homogeneous dispersion. At the same time it appears clear that parallel CNT bundles, in which the VDW attraction is active along the whole length of parallel tubes, will be impossible to break down by shear flow that is unlikely to generate local stress above several tens of kiloPascals. Monitoring the quality of nanotube dispersion in a continuous polymer matrix is a perennial problem, with very few experimental techniques available to resolve it. Electron microscopy, which is the only method offering real-space resolution on the scale of nanotubes, is an inherently surface technique. Attempting to dissolve or ion-etch the polymer to reveal the tubes, immediately leads to their re-aggregation. Making samples very thin to allow transmission microscopy makes nanotubes interact with surfaces much more than with the bulk. The main point of the rheological study [51] was to develop an alternative quantitative (rheological) method of monitoring the state of dispersion.
In order to determine the effect of mixing time on the degree of nanotube dispersion, three identical experiments were performed for samples with 1 wt% concentration of MW nanotubes in PDMS, with the results shown in Fig. 3(a) . Each test was conducted on an aliquot of the composite after a certain time of continuous mixing of a sample; this was repeated for three separate mixtures. The values of the viscosity obtained for the short mixing times (t < 100 min) have erratic values, such that no trend can be assigned to the viscosity variation with increasing mixing time. This effect is essentially due to jamming of CNT clusters. After a certain time of mixing, these erratic values turn to a consistent value of composite viscosity h, which is the same in different experiments and not much affected by further mixing. This characteristic time, t * , is interpreted as the minimal time required to achieve the complete dispersion at the given concentration of tubes and the mixing shear stress (which in turn determined by the geometry of shear and the solvent viscosity). Fig. 3(b) illustrates the effect for different CNT concentrations and demonstrates how t * depends on loading.
From such macroscopic rheological measurements one cannot exclude the presence of consistently small tube clusters, and there is no unambiguous technique to confirm or disprove this in the bulk. A homogeneous dispersion is suggested by images of freezefractured surfaces and by comparing the estimates of semiflexible overlap and entanglement concentrations with rheological measurements. For all practical purposes one may regard the sheared composite at t > t * as completely dispersed, but one must be intentional aware of the length of time required to reach this state.
The critical time of mixing, t * , is a function of nanotube concentration and the shear stress in the mixing device (itself a function of vessel geometry and the viscosity of the polymer matrix). The dispersed states have reproducible profile of the rheological linear response. Increasing nanotube concentration increases the values of mixture viscosity h * and also causes it to become more frequency dependent [51] . Fig. 4 gives a summary of this response in terms of the effective shear modulus of the nanocomposite. The below-overlap 0.5 wt%, 1 wt% and 2 wt% samples, just like the pristine PDMS, exhibit a nearly linear frequency dependence of storage modulus G 0 , which corresponds to the frequency-independent Newtonian viscosity. These systems are dilute enough so that the entanglement between tubes is negligible. There is a significant change in the rheological response between 2 wt% and 4 wt%, which suggests a change in nanocomposite microstructure. Note that these are near the overlap concentration at which one expects the onset of nanotube entanglements in the dispersed state. The emerging rubber plateau with the static gel modulus G 0 ðu/0Þ is characteristic for highly entangled CNT dispersions.
Both G 0 and h * in the well-mixed state are w1-2 orders of magnitude lower for the same concentration of nanotubes than the results in earlier literature [52, 53] . In view of our findings about the erratic values of response moduli in the state with insufficient tube dispersion (at t < t * ), one has to be cautious about the details of preparation of polymer nanocomposites: have the specific polymer nanocomposite been mixed for a sufficient time at a given shear stress of mixing? Such a question is rarely addressed in the current literature, making comparisons difficult. The change in rheological behavior as the concentration of tubes increases, similar to those presented in Fig. 4 , has been reported for other CNT/polymer composites and is often called the 'percolation threshold' [52] . More precisely, one might call the emergence of the static gel network the mechanical percolation threshold, to differentiate it from the more traditional electrical percolation [54] , or indeed the mathematical problem of percolation of rigid rods [55, 56] . Again, there are large discrepancies reported in the literature for such mechanical percolation concentrations, even for the same system. A reason for this might well arise because of two different factors. Firstly, by forming a well-dispersed and homogeneous (t mix > t * ) network of nanotubes one may reach, and exceed, the entanglement limit. In this case the rheological response would become that of an elastic solid. Secondly, mechanical percolation could take place when individual aggregates, or tube clusters (at t mix < t * ), come in contact and form force chains. This second type of aggregate-mediated jamming (as well as the electric conductivity threshold) may well be responsible for much higher threshold concentrations previously reported. Better dispersed samples of very long nanotubes will naturally provide much lower percolation thresholds, but also lower effective elastic moduli.
It is important that the emergence of an entangled elastic network of CNTs occurs at concentrations above 2-3 wt%. This agrees favorably with an estimate of overlap concentration based on individual tube parameters, which indicates that the nanotubes are indeed dispersed individually, not in multi-tube bundles. One also finds a characteristic superposition between the mixing time and the frequency of rheological testing, similar to the time/temperature superposition in classical glass-forming polymers [51] . These comparisons provide a proof of complete CNT dispersion, very difficult to obtain otherwise.
Actuation of nanotube-polymer composites
For some systems, energy from an external source can trigger changes in the internal state of the structure, leading to a mechanical response much larger than the initial input. The ability to unlock this internal work in a solid state structure is of key importance for many potential applications. There are several reports of actuation behavior of nanotube-polymer composites [57] [58] [59] [60] . These studies have focussed on accentuating the already present features of the host matrix by adding nanotubes. CNTs acted to exaggerate actuating response by either improving electromechanical properties or increasing heat transfer efficiency due to the inherent high conductivity that originates from their delocalized p-bonded skeleton. We only know of one study that has departed from this traditional 'improvement' scheme and asked whether it was possible to blend nanotubes with benign polymers to create fundamentally new composite properties. Such novel effects have been observed by Courty [61] where electric field stimulation of liquid crystal elastomers with embedded MWCNTs has lead to mechanical contraction. That work was unique in that it details a novel reversible electro-actuator response due to the presence of MWCNTs that otherwise would not occur in that system.
In a series of studies the photomechanical response of MWCNT composites dispersed in a PDMS matrix, subsequently crosslinked into elastomer, has been investigated [27, [62] [63] [64] . The samples, with a different degrees of CNT alignment induced by pre-stretching, have been illuminated with infrared (IR) light in isostrain conditions, Fig. 5(a) . The mechanical stress response to irradiation, and later to switching it off, was very characteristic and fully reversible. Fig. 5(b) shows two possibilities: in elastic composites with CNTs not significantly aligned in any direction, the macroscopic sample shape shows a rapid expansion, which is represented by a rapid drop of measured stress in the constrained geometry. On the other hand, if CNTs are uniaxially aligned, the sample length contracts on irradiation, which shows as a rapid and significant rise in measured stress. The same results were found in other elastomers [62] , in particular in natural rubber (sulfur-crosslinked polyisoprene) with dispersed nanotubes. Note that the reversible (i.e. equilibrium) nature of this photomechanical response is in contrast with findings on frequently irreversible loading/unloading/reloading cycles of CNT/elastomer composites, as reviewed in Ref. [22] . We believe in most cases this is a consequence of incomplete CNT dispersion, so that large agglomerates undergo changes under deformation in the matrix.
It is interesting to compare the actuation of carbon nanotube composites with other systems and materials. The famous catalogue of mechanical actuators [65] gives a map of device performances in the plane of actuation stress Ds and stroke D3. At a maximum achieved in Fig. 6(b) , Ds z 100 kPa and contractile D3 z 0.1 in essentially static conditions, the nanocomposite performance is slightly above the solenoid actuator and almost equal to the human muscle. Taking into account the rates of the effect, discussed below (Fig. 8) , in terms of power production these nanocomposites are again placed very near solenoids and muscles on the actuation map.
Also of great interest is the observation that photo-actuation response changes sign at a certain level of pre-strain (at 3 w 10% in Fig. 6 ). Relaxed or weakly stretched composites show the reversible expansion on irradiation, while the same sample, once stretched more significantly, demonstrates an increasing tendency to contract along the axis of extension (hence the increase in the measured stress). For comparison, the pristine PDMS rubber in the same experiment shows no discernible photo-stress response at all. The upper data set is for a well-aligned CNT composite elastomer (under pre-strain of over 40%), which shows the reversible sample contraction on irradiation. The lower set is a non-aligned (weakly stretched) composite, which has its overall length reversibly increasing on irradiation.
One suggestion, arising from these observations, is that a uniaxial pre-strain applied to CNT-loaded elastomers induces an increasing orientational ordering of nanotubes, and this is a primary cause for the change in the nature of their photoelastic response. In fact, there is good evidence that a very good nanotube alignment can be achieved if dispersed in a monodomain liquid crystal elastomer during processing -the mesogenic moieties act to align the tubes [61] . A similar effect has been demonstrated for pure liquid crystals [66, 67] , and also is known in the field of ferronematics [68] . Although ordinary isotropic polymers are discussed here, clearly the imposed strain will induce some CNT alignment.
Induced orientation of nanotubes
Let us introduce a simple model based on the affine deformation of the rubbery matrix to estimate the orientational order induced on CNTs by uniaxial stretching. This analysis is broadly based on the arguments presented in Ref. [62] ; the reader can also consult Refs. [69] [70] [71] [72] where the most straightforward approach is to evaluate the average orientational bias resulting from an imposed uniaxial extension of a matrix, in which the ensemble of rigid rods is initially embedded isotropically. The corresponding orientational order parameter is the average of the second Legendre polynomial of orientation of embedded rods, Fig. 7(a) Q ¼
Here P(q) is the orientational probability distribution, normalized such that R PðqÞsin qdqd4 ¼ 1. Assuming that the initial state is unaligned, this probability is the flat distribution P 0 (q) ¼ 1/(4p). The uniaxial extension of an incompressible elastic body is described by the matrix of strain tensor
where the axis of stretching is taken as z and the magnitude of stretching is measured by l ¼ 1 þ 3 h L/L 0 , the ratio of the stretched and the initial sample length along z, Fig. 7(a) . This tensor describes the affine volume-preserving change of shape, which could also be visualized as locally transforming an embedded sphere (representing the orientational distribution P 0 ) into an ellipsoid (representing the induced orientational bias) of the same volume and the aspect ratio R k /R t ¼ l 
This defines the expression for the normalized orientational distribution function
which is an explicit function of the uniaxial strain applied to the body and can be used to calculate the induced order parameter Q:
Analytical integration of this expression gives an explicit function Q(3) [62] , which is plotted as a solid line in Fig. 7(b) . At relatively small strains, it approaches the linear regime: (3), acquired as a function of sample strain applied to an initially isotropic sample, with the experimental data [62] obtained by X-ray scattering of stretched nanocomposites (7 wt% CNT in PDMS). On stretching, substantial values of induced orientational order have been reached. Furthermore, the change in orientation on stretching was reversible, i.e. equilibrium, with orientational order parameter returning back to zero with the imposed strain removed. Evidently, the experimental data display a lower order parameter than that predicted by the affine model, although has the same qualitative trend. One must remember that this simple model does not account for tube flexibility. Also, some proportion of the tubes would be unable to rotate affinely due to the entanglements. The experimental data reflect this and, accordingly, gives slightly lower values of order parameter.
Mechanisms of photo-actuation
There is still no full understanding of nanotube photomechanical behavior when embedded in a host polymer matrix, because to a large degree, no noninvasive and nondestructive technique is available to monitor their state. The results apparently do not depend on the host matrix, suggesting that the nanotube filler units are indeed the origin of the observed actuation response. Photon absorption produced a response from the tubes, which directly translated into the macroscopic effect in an otherwise benign polymer system.
The data in Fig. 8 are presented to demonstrate the speed of the actuation process more clearly and also differentiate between the light and heat-driven actuation mechanisms. The change in stress and change in temperature are plotted, normalized by their maximal value at saturation in the given experiment; plotted in this form, all the results (for different tube loading and different pre-strain) appear universal [63] .
The change in temperature by IR-heating is unavoidable and reaches DT w 15 C maximally on the sample surface. This highlights an important question as to whether the mechanical response is due to the photon absorption or plain heat. Fig. 8(a) shows that the stress reaches its peak and saturation in w10 s, while the temperature takes over 2 min to reach its peak. Although the difference in rates is not very dramatic, the fact that the stress response is faster suggests that its mechanism is not caused by the trivial heating. In a separate study the conclusion was reached that thermo-mechanical effects do exist (i.e. the MWCNT-loaded composite has a stronger mechanical response to heating than a pristine polymer) but the magnitude is almost a decade smaller than the direct IR-photon absorption mechanism. There is also an interesting question of what role might be played by the temperature gradient across the sample thickness, which would cause a dynamic bending in a free sample. A recent work has discussed the kinetics of heat diffusion and associated inhomogeneous strains in such situation [73] . However, the results discussed here are for isostrain sample confinement and the temperature may only have an effect averaged over the thickness. The behavior was repeatable for all nanotube-polymer concentrations. For reference, Fig. 8 The right y-axis shows the simultaneously measured, similarly normalized, change in temperature on irradiation; (b) the light-on response of different composites, all at the same 20% pre-strain.
slower response of this sample is in marked contrast to all other composites. This discrepancy will present the greatest difficulty when attempting to offer an explanation for the observed effects.
Examining the time dependence of the photo-response, the data have been fitted with a compressed-exponential function 1 À exp½Àðt=sÞ b . The quality of this fit, as well as the important comparison with the classical exponential behavior, are shown in Fig. 9 . The two fitting parameters are the relaxation time, s z 5 s and the exponent b z 2 [63] . These values were the same for all aligned composites with nanotube concentrations above the percolating threshold. It is prudent to focus on the main effect and disregard a weak dependence of s and b on the applied pre-strain, suggested by Fig. 8(a) . Such a fast response of the system is a striking result. One must appreciate that the individual photomechanical response of a free-standing nanotube must proceed within a nanosecond timescale, if one assumes polaron excitation and relaxation [74] . The relatively slow kinetics at the scale of seconds is certainly due to the rubbery matrix constraints. The polymer would usually be expected to follow the classical Debye relaxation (corresponding to b ¼ 1), if not slower due to the mode coupling and viscoelasticity. This is not the case in these experiments where the compressed exponent b z 2 is evidently the result, cf. Fig. 9 . Moreover, the fast cooperative response is reproduced in both expansive (unaligned) and contractive (aligned) modes of photo-actuation, suggesting a unique underlying mechanism for the bimodal photomechanical effect. When the light source is switched off, Fig. 10(a) , all the nanocomposite materials in the given range relax normally, following the classical e Àt/s law with s z 5 s. The same normalized kinetics of the light-off relaxation is obtained at all different values of prestrain 3. As a more detailed comparison to the fast light-on response, the plot in Fig. 10(b) shows results from an identical experiment conducted on PDMS-dispersed composites with trace amounts of nanotubes (0.02 wt%) and also with 3 wt% of an ordinary carbon black. The response is evidently much slower in this case. Importantly, these curves superpose and also follow a simple exponential fit, 1 À e Àt/s , with s z 10 s here (also much lower amplitude, as discussed above). Evidently, for the faster response to take place, nanotube (and not carbon black) concentration needs to remain above the percolating threshold.
Apart from the ideas based on the electronic structure of nanotubes, there is another possibility to account for their apparent large local deformation in a polymer matrix. A large (and fast) local tube heating is inevitable on photon absorption. In fact, there are reports of such an effect [59, 75] , presumably based on the incomplete re-radiation of the absorbed energy. Assuming the polymer chains are highly aligned in the vicinity of nanotubes due to the boundary anchoring on their surface, the local heating should generate local contracting strain along the alignment axis. This is a classical thermodynamic effect of uniaxial contraction of a stretched rubber. Such a local strain could lead to an Euler buckling instability of a rigid nanotube embedded in the elastic matrix, which would account for many features of photo-actuation.
Consider now the dynamics of such a response, assuming the relaxation process is controlled by the overdamped balance of an elastic force against viscous friction. To understand the fast response one must take the observed time dependence xwexp½Àa t 2 , where x(t) is the relevant strain variable, and work backwards to isolate the nature of the forces involved. Of course, there are many complications to this simple model. For instance, the viscosity in the dissipating medium is also a function of temperature (in simplest terms, proportional to the Arrhenius activation, h f e E/kT ); this will introduce an additional time dependence h z h 0 (1 À at). The real viscoelasticity of a polymeric system would make all of these estimates much more complicated. However, in the leading order, one would still expect to see the contraction dominated by the linear (or near-linear) time dependence of the local rubber modulus.
The fast compressed-exponential response was not found in the light-off relaxation, which agrees with the basic logic presented here. After the illumination period, the temperature equilibrates through the whole sample, giving the average temperature that is detected. The new balance of forces is reached, maintained by the steady flux of heat from the irradiated tubes. When the light is turned off, both the viscosity and the modulus remain roughly constant (only weakly dependent on time), resulting in the simple Debye relaxation towards the original local conformation of the elastomer which was established at the crosslinking.
Carbon nanotube mats and fibers
The attempted explanation of photo-actuation in CNT composite elastomers, based on the sharp local heating of nanotubes, captures many key features of the findings, but also has some difficulties in describing CNT concentrations well below overlap. For some reason, only the higher-concentration CNT composites with tubes forming the entangled network inside the polymer matrix, display the fast reversible photo-actuation. In order to try and separate the effects of CNTs from the effects of the polymer matrix, albeit stimulated by the tube presence, the recent study has examined the same photomechanical effect in pure nanotube mats and fibers [46, 76] .
Indeed, one can ask a very real question: do carbon nanotubes behave like polymers? This essentially questions the role of thermal fluctuations and ergodicity, so dominant in polymer science, when they are applied to nanotubes. The answer appears to be -some do and some do not, depending on the number of walls. Analyzing the behavior of carbon nanotube networks, as found in sheets of SW or MWCNTs (often called 'bucky-paper' [77] [78] [79] ) provides an intriguing insight into the characteristics of nanotubes, non-invasively deducing the fundamental response of individual tubes from the average characteristics of the collective. The fundamental issue is whether the tubes behave as static elastic (or indeed plastic) rods, or they are able to explore their available conformational space like thermally fluctuating polymer chains. The secondary question is about the nature of linkages in such nanotube networks. One should not confuse this issue with the volume of successful literature describing the mechanical response of individual nanotubes, such as their static Young modulus: here we discuss the dynamicmechanical properties of nanotube networks either under stress, or when heat or light stimulus is applied.
Long-time stress relaxation experiments on such nanotube networks have been reported in Ref. [46] . When a small step-strain is applied to a sample of viscoelastic material, the characteristic stress relaxation takes place, in effect, the recording of stress against time returns the value of Young (extensional) elastic modulus. This is a classical isostrain experiment in viscoelastic medium, schematically shown in Fig. 5(a) . The nature of stress relaxation process, when observed over an extended time, reveals many details of the viscoelasticity of the material. Experimental similarities between MWCNT networks and a 'sticky' granular system have been observed, in the sense of both being completely non-thermal. In contrast, SWCNTs display thermally-driven entropic properties akin to a rubber network. Since SWCNTs practically never exist in a form of a network with crossing contacts (certainly not in the case studied [46, 76] ), this suggests that the thick SWCNT bundles are in fact quite dynamic and undergo a thermal bonding-debonding process.
The analysis of MWCNT data in Fig. 11 suggests a very slow but remarkably large amplitude of stress relaxation. The inset illustrates the same data plotted on the logarithmic time-axis, which highlights how the best power-law fit deviates from the data more significantly, while the logarithmic relaxation given by Ds (MPa) z 1.3-0.2 ln t fits the experimental results almost perfectly after the first hour of relaxation. Such a slow dynamics is very rare in physics and resembles the finding in overconstrained randomly quenched systems. It is found, for instance, in the relaxation of the angle of repose in a sandpile [80] or in polydomain nematic elastomers [81] . In each case it is the network of quenched mechanical constraints that leads to the exponential increase in the activation barrier as the equilibrium approaches, and a logarithmic relaxation as a result.
In an identical step-strain experiment at different temperatures, SWCNT network responds in a marked contrast to multi-walled case. Fig. 12 shows that at any stage of relaxation, the stress in a stretched SWCNT network is higher as the temperature is increased. The corresponding elastic modulus reproduces the classical feature of rubber elasticity: the linear dependence of the modulus on absolute temperature. This implies the entropic nature of SWCNT network: unlike in MWCNT case, thermal fluctuations are in fact significant. However, this conclusion has to be taken together with the well-established bundled nature of SWCNT assemblies, very different from the coiled polymer chains. As single-wall tubes are flexible enough to be thermally excited, they assemble in highly aligned bundles held by van der Waals forces, but dynamic in the sense that their range of conformations is explored under thermal motion of continuously bonding and debonding flexible tubes. The corresponding entropy would then account for the temperaturedependent modulus (analogous to polymer networks where the coiled chains between junctions are exploring their conformational freedom). The MWCNT strands are much more rigid and not able to bend under thermal excitation so that the structure of their networks is entirely dependent on preparation history.
Another key finding points at the difference between entropic polymer and entropic SWNT bundles. The inset in Fig. 12 shows the normalized stress relaxation, rescaled by Ds/Ds max , helping to clarify the long-time relaxation mechanism of SWCNT networks. The normalized curves collapse onto each other suggesting that the mechanism of stress relaxation is the same regardless of temperature, just like in MWCNT case. This is not the case for a crosslinked polymer network where relaxation is a diffusion-controlled process and hence its rate varies with T (leading to the famous time/temperature superposition). Non-thermal relaxation in nanotube networks suggests that the main mechanism is novel. We believe that it is related to the sliding of junctions between nanotubes, which is dominated by friction. The rate of long-time normalized relaxation of stress is much faster in SWCNT networks: this is in line with the idea of sliding junction, as the binding energy is certainly proportional to the nanotube dimensions.
The mechanical response of nanotube networks to near-IR light is very similar to what was reported in polymer composites. The use of a cold light source is an effective means to remotely transfer energy to the system quickly. In experiments, following the same setup as shown in Fig. 5(a) , the photo-induced stress response was recorded and presented in Fig. 13 . For MWCNT mat, the significant drop in stress indicates that the sample expands its underlying natural length on irradiation. The expansion is fully reversible, as the sample returns to its original stressed state on removing the source of external energy, Fig. 13(a) . This is a very important observation, eliminating many possible mechanisms based on tube degradation, induced defects, or enhanced junction sliding, which would all be irreversible. Characteristically, the kinetics of this photomechanical response is very slow, although at least 1-2 orders of magnitude faster than the ambient stress relaxation, Fig. 11 . There is a small but significant and reproducible contraction in the initial seconds after the light source is switched on, highlighted in the inset. Similarly, when the light is switched off, the same magnitude peak in opposite direction was observed. This feature needs to be compared with the response of SWCNT mat to irradiation, Fig. 13(b) . Clearly SWCNTs contract under IR radiation, leading to the increasing stress on the constrained sample. The effect is also fully reversible and its relatively fast kinetics is illustrated in the inset.
The SWCNT network contraction on irradiation matches well with our earlier discussion on their thermal (entropic) nature. We must consider the effect of stretched rubber band contraction on heating, which is due to the increasing weight of conformational entropy. As this is a significant factor in the description of SW tubes and their bundles, one expects as in classical thermodynamics that (vf/vT) x ¼ (vS/vx) T , with x the stretching and f the corresponding force. This basic consequence of entropic elasticity is almost completely independent on what actual graphene lattice does microscopically. In both SW and MWCNT cases, photo-stimulated actuation is orders of magnitude larger than thermal expansion predictions for individual nanotubes, suggesting a new paradigm for theoretical and experimental studies.
Conclusions
In this review a brief survey of the polymer-nanotube composites has been given, with particular emphasis on the physics underpinning this new frontier of materials research. Post-production dispersion techniques for CNTs with no particular surface Fig. 12 . Stress relaxation of a SWNT mat kept at fixed length, after a step-strain of 0.2%. The modulus depends linearly on absolute temperature at all times of relaxation.
However, the inset displays the normalized data Ds/Ds max , indicating the universal relaxation mechanism, not altered with temperature. Fig. 13. (a) Photomechanical actuation of MWCNT mat recorded at fixed sample length. The inset shows the initial contractive stress response of the film during the first few seconds when the light source is switched on; (b) photomechanical response of SWNT mat, in the same conditions, shows the sample contracting on illumination. The detailed onset kinetics, highlighted in the inset, matches well the compressed-exponential kinetics [63] .
functionalization have been discussed, followed by a considerable detail given over to the mechanical actuation properties and mechanisms which have recently been discovered in these systems.
Comparing the estimates of VDW interaction and shear forces suggest that only at sufficiently high shear energy density one can hope to achieve dispersion of CNT agglomerates arriving from production lines. This high energy density is easily achieved during ultrasonic cavitation, which requires low-viscosity solvents and great care to avoid significant tube damage. In this context, we offered a simple theoretical model, based on affine radial flow, to estimate the characteristic nanotube length L lim below which the cavitation-driven scission does not occur.
In contrast, in shear mixing devices one must aim for highviscosity polymer solutions or melts, however, in any case it is unlikely that parallel CNT bundles could be separated by shear mixing. Experiments have shown that a critical time t * is needed to disperse carbon nanotubes in a polymer melt, reaching a consistent and reproducible state of such a dispersion. Below this characteristic time, the composite system is full of dense tube clusters (often smaller than an optical microscope resolution). This manifests itself in erratic rheological properties, depending on accidental jamming of the resulting ''colloidal glass''. Dispersions mixed for a time longer than t * appear homogeneously mixed. One cannot exclude the presence of consistently small tube clusters or bundles, and there is no unambiguous technique to confirm or disprove this. However, a homogeneous dispersion is suggested by images of freeze-fractured surfaces reported in the literature, and by comparing the estimates of semiflexible overlap and entanglement concentrations with rheological measurements of dispersed composites.
Nanotube overlap is a very important parameter in nanocomposites. Well-dispersed systems possess very different rheological properties below and above the concentration of ''mechanical percolation'' (we use this term reluctantly, only because it seems to be in heavy use in the literature: the true percolation is a somewhat different physical process [55, 56] ). At low concentrations, non-interacting nanotubes homogeneously dispersed in the polymer matrix take a very long time to re-aggregate, provided the matrix viscosity is high enough to suppress fast Brownian motion (or crosslinked into elastomer after dispersion). The rheology of such dispersions remains that of a viscous liquid, or classical rubber, with the response a linear function of tube concentration. At concentrations above the threshold of order n c w 2-3 wt% in the case discussed here, there is a clear emergence of an elastic gel of entangled nanotubes in their homogeneously dispersed state. The rheological characteristics of these composites with entangled CNTs are reported to have a distinct rubber modulus G 0 at low frequencies. There is also a characteristic superposition between the mixing time and the frequency of rheological testing, similar to the time/temperature superposition in classical glass-forming polymers.
Elastomers filled with nanotubes respond to light with a significant mechanical actuation. The strength of photomechanical response is of the order of tens of kiloPascals. Translated into the stroke, this corresponds to actuation strains of þ2 (expansion) to À10% (contraction) depending on the CNT concentration and alignment in the host matrix. At the same time, differing host polymers are reported to have a relatively neutral role in the actuation mechanism. Importantly, the kinetics of this photo-actuation is much faster than that classical relaxation predicts, following a compressed-exponential law.
Understanding the nature of the actuator mechanisms in nanocomposites certainly warrants further theoretical and experimental investigation. Many questions remain completely unclear. One possible explanation discussed here considers CNTs as photon absorbers that locally redistribute the energy as heat causing contraction of anisotropic polymer chains aligned near the nanotube walls. This demonstrates how nanotubes could impart new properties to otherwise benign materials; the role of the nanotubepolymer interface is of great interest and the speed of the photoactuation response warrants much further experimental and theoretical investigation.
Networks of carbon nanotubes may be the first system that exhibits metallic, semiconducting and polymer-like properties within one material -and apparently also demonstrate a reversible light-induced actuation, almost four decades larger than what would be expected through lattice thermal expansion/contraction arguments. On/off hysteresis is also negligible. Better aligned MWCNT systems such as that found in twisted fibers unambiguously show nanotube contraction along the alignment axis. SWCNT networks always contract in the direction of pre-strain. As single-walled CNT films appear to behave like crosslinked polymer systems, crosslinking the individual SWCNTs chemically may very well create a pure nanotube elastomer with some intriguing properties.
A huge international research effort is ongoing to quantify the properties and the science of polymer-nanotube composites. This is an exciting time to be involved in the field with new fundamental discoveries occurring regularly. It is hoped that this review will contribute in some small way to future discoveries and will inspire new research to augment an already fruitful discipline.
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